Abstract Glaucoma is one of the leading eye diseases due to the death of retinal ganglion cells. 
Introduction
Glaucoma is a group of blinding eye diseases characterized by selective and progressive death of retinal ganglion cells. In the late stage of glaucoma, about 90 % of retinal ganglion cells can be damaged. Despite the availability of numerous ways for ganglion cell protection, no treatment so far can essentially prevent ganglion cells and the optic nerve from injury. Stem cells have emerged as new approach for optic nerve regeneration (Cho et al. 2012) . However, retinal stem cells exist only in the pigmented ciliary epithelium and are too few to meet the clinical need (Tropepe et al. 2000) . On the other hand, the use of other stem cells, such as embryonic stem cells and neural stem cells, is greatly restricted due to ethical issues and graft rejection.
Müller cells are the major glial cell population in mammalian retina, and play important roles in the maintenance of retinal function (Bringmann et al. 2006) . Extensive studies in recent years have implicated retinal Müller cells as potential retinal stem cells. A variety of factors have been shown to induce the dedifferentiation of retinal Müller cells in zebrafish, chicken and rat (Fimbel et al. 2007; Ooto et al. 2004; Abrahan et al. 2009; Das et al. 2006; Lawrence et al. 2007 ). The dedifferentiated retinal Müller cells exhibit the characteristics of stem cells, and continue to differentiate into neurons, including retinal ganglion cells. However, the proportions of induced ganglion cells reported in previous studies are very low. Therefore, strategies to enhance the differentiation of Müller cells into ganglion cells may hold promise for glaucoma treatment via optic nerve regeneration.
The induction and differentiation of retinal stem cells are largely regulated by the joint action of extracellular and intracellular factors. Atoh7 is an essential transcription factor for ganglion cell differentiation (Yang et al. 2003; Brown et al. 2001; Wang et al. 2001) . Previous study showed that Atoh7 overexpression significantly increased the number of retinal ganglion cells differentiated from in vitro cultured retinal stem cells (Yao et al. 2007) . Accordingly, we hypothesize that Atoh7 may promote the differentiation of stem cells dedifferentiated from retinal Müller cells into ganglion cells.
In this study, we cultured rat retinal Müller cells in vitro and the cells in the 3 rd -4 th passage were induced to dedifferentiate into stem cells with stem cell medium. Next, the stem cells were transfected with Atoh7 expression vector to induce the redifferentiation with DMEM medium containing fetal bovine serum (FBS), brain-derived neurotrophic factor (BDNF) and retinoic acid (RA).
Materials and methods

Retinal Müller cell culture and dedifferentiation
Retinal Müller cells were isolated from S/D rats as previously described (Sarthy et al. 1998) . Briefly, the eyes from rats in the postnatal (PN) days 10-21 were enucleated under sterile conditions and the retina was dissected with care to avoid contamination from retinal pigment epithelia and ciliary epithelium. The remaining retinal tissues were then transferred to dissociation solution (DMEM containing 0.25 % trypsin and 0.05 % EDTA) and incubated at 37°C for 1 h. The retina was mechanically dissociated into small aggregates and cultured in DMEM (GIBCO, Grand Island, NY, USA) containing 10 % FBS (GIBCO) at 37°C in 5 % CO 2 for 7-10 days. The culture medium was replaced every 2-3 days and floating retinal aggregates and debris were removed, leaving purified flat cell population of Müller cells attached to the bottom of 25 cm 2 culture flasks (Corning, Corning, NY, USA). The cells were trypsinized and cultured in DMEM containing 10 % FBS to get further purified population every 5-7 days. To form aggregate spheres, Müller cells in the third to fourth passage were dissociated using trypsin-EDTA and cultured in stem cell medium containing DMEM/F12 (GIBCO), 10 ng/ml basic fibroblast growth factor (bFGF), 20 ng/ml epidermal growth factor (EGF) (Peprotech, Rocky Hill, NJ, USA), 1 9 N2 supplement, 2.5 mM L-glutamine, 100 U/ml penicillin, and 100 lg/ml streptomycin (GIBCO) at a density of 1 9 10 5 cells/cm 2 for 3-5 days. To examine the proliferation potential of stem cells dedifferentiated from Müller cells, neurospheres were exposed to 10 lg/ml of BrdU (Sigma, St. Louis, MO, USA) for 10 h to label proliferative cells. The cells were fixed using cold 4 % paraformaldehyde for immunocytochemical analysis. All animal procedures were approved by the Committee of Animal Resources at the Central South University.
Plasmid construction
The cDNA encoding Atoh7 protein was amplified by PCR with plasmid PBSII SK-Atoh7 (generously gifted by Dr. N.L. Brown) as the template and the following primers: 5 0 -GCGAATTCATGAAGTCGGCCTGCA AACC-3 0 and 5 0 -GCGGATCCACGCTG GCCAT GGGGAAG-3 0 . PCR product was subcloned into PEGFP-N1 vector (Clontech, Mountain View, CA, USA) to create PEGFP-N1-Atoh7, and the positive clones were verified by restriction enzymes analysis and DNA sequencing.
Electroporation and cell differentiation
Neurospheres dedifferentiated from Müller cells were divided into three groups: (A) neurospheres transfected by PEGFP-N1-Atoh7; (B) neurospheres transfected by PEGFP-N1; and (C) neurospheres without transfection. For electroporation, neurospheres were trypsinized and resuspended in 100 ll of the transfection solution (pH 7.4), which consisted of a mixture of sucrose (272 mM), K 2 HPO 4 (7 mM), MgCl 2 (1 mM) and 10 lg plasmid (PEGFP-N1-Atoh7 or PEGFP-N1). The cells and the plasmids were gently mixed and cooled on ice for 5-10 min, after which they were placed in an electroporation cuvette with a path length of 0.4 cm (Biosmith, San Clemente, CA, USA) and immediately pulsed using a Bio-Rad gene pulser II (Bio-Rad laboratories, Hercules, CA, USA) at 75 lF and 350 V for 3-5 min. Next, the cells were plated onto 0.01 % poly-D-lysine (Sigma, USA) coated 24-mm glass coverslips (Corning, USA) at a final concentration of 100,000 cells/well, and 1 ml of the differentiation medium supplemented with BDNF (1 ng/ml) (Peprotech), RA (1 lM) (Sigma), and 1 % FBS was added. The cells were kept at 37°C in a 5 % CO 2 incubator and the medium was changed 24 h after plating to remove debris. Thereafter, the cells were fed every 2 days by replacing one-third of the differentiation medium. Transfected cells were analyzed under fluorescence microscope (Axiovert2000, Carl Zeiss, Oberkochen, Germany) 1-14 days after transfection.
Immunocytochemistry
Immunocytochemical analysis was performed for the detection of BrdU and cell-specific markers. Briefly, cells cultured on coverslips or spheres attached onto coverslips were fixed by 4 % paraformaldehyde in 0.01 M phosphate-buffered saline (PBS) for 15 min at room temperature. The cells were permeabilized with 0.1 % Triton X-100/PBS for 10 min, blocked with 5 % goat serum for 1 h, and incubated with primary antibodies (listed in Table 1 ) for 1 h at room temperature. For negative controls, 0.01 M PBS was used to replace primary antibodies. After extensive washing with PBS, the cells were blocked again with 5 % goat serum for 20 min. Then the cells were incubated with Cy3-or Alexa Fluor 488-conjugated secondary antibodies (KPL, Rouses Point, NY, USA) for 1 h in the dark. Following extensive washing with PBS, 1 lg/ll DAPI (Sigma) was used to stain the nuclei. Images were taken by a fluorescence microscope or a confocal laser scanning microscope (Leica TCS SP5, Leica Microsystems GmbH, Wetzlar, Germany) and analyzed by Leica Qwin V3.1 system. Positive cells were quantified in at least 10 fields across the coverslips from three independently dissociated cultures.
Reverse transcription-polymerase chain reaction (RT-PCR) Total RNA was isolated from cells or the retina using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA). Single-stranded cDNA was synthesized using MMLV reverse transcriptase and oligo-dT primers according to the manufacturer's instructions (Fermentas, Hanover, MD, USA). Gene-specific primers for RT-PCR analyses were designed with Primer 3 (http://primer3. sourceforge.net) and the sequences were listed in Table 2 . Amplifications were performed in a GeneAmp 9700 (Applied Biosystems, Foster City, CA, USA) using the following conditions: initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 1 min, annealing between 53 and 55°C for 30 s, and extension at 72°C for 45 s, followed by a final extension at 72°C for 10 min. PCR products were visualized on 1 % agarose gel. Expression levels were standardized using b-actin which served as the housekeeper gene.
Statistical analysis
Data from at least three independently dissociated cultures, each measured in triplicate, were expressed as mean ± standard deviation. Quantitative differences were evaluated using the Student-NewmanKeuls (SNK-q) in SPSS12.0. P values \0.05 were considered statistically significant. 
Results
Characterization of Müller cells from rat retina
The majority of Müller cells from rat retina had abundant cytoplasm and well-defined membranes. After 7-10 days, the cells formed a complete monolayer of epithelioid cells. To determine whether the cultured cells were Müller cells, we examined Müller cell markers including Vimentin and glutamine synthetase (GS). Our results showed that most of the cells in the monolayer culture were positive for Vimentin and GS staining, but were negative for the staining of Pax2, a marker of astrocytes (Fig. 1a, b) . To further ascertain the purity of Müller cell culture, we examined the expression of cell-specific transcripts. RT-PCR analysis detected the transcripts specific to Müller cells (Vimentin), retinal progenitor cells (Nestin and Pax6), rod photoreceptors (Rhodopsin), and neural cells (b-tubulin III) in the rat retina. In contrast, the cultured cells only expressed the specific transcript of Müller cells and no other cell-specific transcripts were detected. These findings suggest that the monolayer culture is enriched for Müller cells and not contaminated by other retina-derived cells (Fig. 1c) .
Dedifferentiated retinal Müller cells exhibit the characteristics of retinal stem cells
Two to three days after Müller cells were cultured in the stem cell medium, some cells underwent apoptosis; some cell processes became smaller and cell body became round; the proliferation was clonal; and a few spherical or mulberry-shaped cell spheres composed of dozens of cells appeared (Fig. 2a) . At 3-5 days of culture, the cell spheres increased in number and size; cells displayed good refraction and exhibited welldefined cell boundaries at the edge of cell spheres; and the cell spheres became further rounded, resembling neurospheres (Fig. 2b) . Thereafter, the cell spheres showed no significant increase in number and size. At days 7-10, the center of the cell spheres began to darken, accompanied by cell growth arrest or poor cell growth.
Immunofluorescence staining showed that 95.07 ± 1.35 % of the cells within the cell spheres were positive for retinal stem cell-specific marker Nestin, suggesting that retinal Müller cells can dedifferentiate into retinal stem cells in the medium. Meanwhile, 10.34 ± 3.26 % of the cells were positively stained with glial cell-specific marker GFAP, suggesting that some retinal Müller cells still retained Fig. 2d-f ). Immunofluorescence staining of BrdU-labeled cell spheres showed that 90.26 ± 4.12 % of the cells within the cell spheres were BrdU positive, suggesting that newborn cell spheres have the capacity of effective proliferation ( Fig. 2g-i) .
RT-PCR analysis showed that the cell spheres, like the retinal tissue, could express Nestin. Since Müller cells had no Nestin expression before dedifferentiation, these findings demonstrate that Müller cells are able to acquire the phenotype of retinal stem cells under specific conditions (Fig. 2c) .
Atoh7 overexpression affects phenotypes of stem cells dedifferentiated from retinal Müller cells 24 h after transfection of PEGFP-N1-Atoh7 plasmid into stem cells dedifferentiated from retinal Müller cells, scattered dead cell debris, suspended single cells and some small neurospheres were observed in the visual field, and mild green fluorescence was observed at the edge of neurospheres or in some single cells (data not shown). At 48 h, the number of positive cells increased and fluorescence intensity enhanced; green fluorescence was distributed homogeneously in the cytoplasm (Fig. 3a) . RT-PCR analysis showed that at 48 h, Atoh7 expression was detected in the neurospheres but not in untransfected cells, indicating successful transfection (Fig. 3b) . Three to four days after transfection, the majority of untransfected cells remained spherical. In contrast, retinal stem cells transfected with Atoh7 expression plasmid grew radially, began to differentiate, and continued to express enhanced green fluorescent protein gene (EGFP) (Fig. 3c, d ).
Atoh7 overexpression affects the re-differentiation of stem cells dedifferentiated from retinal Müller cells
The three groups of neurospheres, transfected with plasmid PEGFP-N1-Atoh7, control vector PEGFP-N1 or untransfected, were induced to differentiate. At 2 h after seeding, the cell spheres in the three groups began to adhere to the coverslips. At 3 days, cells with processes around the cell spheres were significantly increased, concomitant with a gradual increase in the length of the processes. The cells grew from the center to the periphery in a radial manner (Fig. 4a) . At 7-10 days, the cells reached the highest degree of differentiation, and two populations of cells with different shapes were observed. Some were flat and irregular and had short processes, suggestive of glial cells; and the others had a small cell body and one or more long processes, resembling neurons (Fig. 4b) . The untransfected neurospheres were larger and the cell number was greater than neurospheres transfected with Atoh7 or control vector. At days 7-10, the cells were stained with the antibody against ganglion cell-specific markers Thy1.1 and Brn3. Ten different visual fields in each group were selected to count the number of ganglion (Fig. 4c ). The cells with positive Thy1.1 and Brn3 expression accounted for 61.10 ± 1.93 % of the total cells in Atoh7 transfected neurospheres, which was significantly higher than 21.88 ± 2.05 % in the control transfected group and 21.14 ± 1.49 % in the untransfected group, Fig. 4d) . Furthermore, the proportions of positive cells among three groups were compared using SNK-q test. The results showed that the proportion of ganglion cells differentiated from Atoh7 transfected neurospheres in the total differentiated cells was significantly higher than that of control transfection group (q A-B = 36.94, P \ 0.01) and untransfection group (q A-C = 37.63, P \ 0.01), whereas no significant difference was noted between the two control groups (q B-C = 0.70, P [ 0.05) (Fig. 4d) . RT-PCR analysis confirmed the upregulation of ganglion cell-specific markers Thy1.1 and Brn3 in Atoh7 transfected neurospheres (Fig. 4e) . Collectively, our results indicate that Atoh7 promotes the directed differentiation of stem cells dedifferentiated from retinal Müller cells into ganglion cells.
Discussion
Glaucoma is an irreversible blindness eye disease, characterized by massive death of retinal ganglion cells. Blockade of the signaling pathway of retinal ganglion cell apoptosis, reduction of intraocular pressure, and nourishment of the optic nerve are known to be somewhat effective in prolonging the life of ganglion cells and retarding disease progression for patients with early glaucoma or progressing glaucoma (Cho et al. 2012) . However, such treatment strategies are ineffective for patients with advanced glaucoma. Therefore, there is a definite need to pursue new ways to regenerate retinal ganglion cells to resist disease progression or even restore vision. Retinal Müller cells are glial cells in the retina with proliferation potential, and offer an abundant source for cell engineering (Bringmann et al. 2006) . Although there is substantial evidence that retinal Müller cells can dedifferentiate into retinal stem cells in certain conditions, it remains unclear whether they could differentiate into ganglion cells (Lawrence et al. 2007) . Therefore, in the present study, we selected Fig. 4 Atoh7 promotes the differentiation of retinal Müller cells into retinal ganglion cells. a Three days after induced differentiation, cells inside the neurospheres extended outwards and flattened; cell processes gradually grew in length; and the cells grew from the center to the periphery in a radial manner (9100); b Seven to ten days after induced differentiation, the cells reached the highest degree of differentiation; cells of varying sizes and shapes were observed. Some were flat and irregular with short processes, suggestive of glial cells; and the others had a small cell body and one or more long processes, resembling neurons (x 100). c Staining of DAPI, Thy1.1 and Brn3b of neurospheres; the right panel shows the merged images obtained for DAPI, Thy1.1 and Brn3b staining; d Bar chart shows the percentage of cells that were positive for both Thy1.1 and Brn3b retinal ganglion cell markers in the total differentiated cells. a-c indicates Atoh7 transfection, empty vector transfection and untransfection, respectively. e RT-PCR analysis of Thy1.1 and Brn3b expression in the total differentiated cells. a-c indicate Atoh7 transfection, empty vector transfection and untransfection, respectively the stem cells dedifferentiated from rat retinal Müller cells as the target cells for gene transfection. We successfully transfected these stem cells with recombinant plasmids PEGFP-N1-Atoh7, demonstrating for the first time that Atoh7 can promote the differentiation of the stem cells dedifferentiated from Müller cells into large quantities of ganglion cells.
In this study, retina-derived cells were first cultured using the classic culture method for Müller cells. The results showed that the cultured cells displayed the general morphology of Müller cells and more than 95 % of the cells were immunopositive for Vimentin and GS, two widely accepted markers of Müller cells (Fig. 1a, b) . Next, we examined the purity of Müller cell culture using the method described by Das et al. (2006) . We noted that the cultured cells only expressed retinal Müller cell-specific transcript Vimentin, confirming the high purity of the cultured retinal Müller cells. In addition, the lack of expression of the stem cell Serum is a natural inducer of stem cell differentiation, but Kubota et al. (2006) showed that stem cells dedifferentiated from retinal Müller cells did not undergo neuronal cell differentiation when cultured in medium containing serum only. A large number of studies suggest that BDNF and RA can induce neural stem cells to differentiate into neurons and promote their maturation (Ahmed et al. 1995; Guan et al. 2001) . Accordingly, to harvest more ganglion cells, a type of neurons, we chose to induce re-differentiation of the stem cells in culture medium supplemented with BDNF and RA. We found that these stem cells had the ability to further re-differentiate. Cells of various shapes were obtained as early as at days 7-10 of culture. Even without transfection with Atoh7 plasmid, the proportion of ganglion cells re-differentiated with our medium could account for 21.14 ± 1.49 % of the total differentiated cells.
Viral transduction is currently the most efficient method for transferring exogenous DNA into the cells. However, because of the inherent risk and technical difficulties associated with viral transduction, nonviral transduction methods are safer and more suitable for clinical application. Lipofection is the most common non-viral transduction method. However, our pilot study found that liposome transfection was inefficient in transfecting stem cells, with a transfection efficiency of merely 0.13 ± 0.17 % after 48 h of transfection (data not shown). This may be due to the fact that stem cells dedifferentiated from Müller cells grow in suspension, and many neural stem cells overlap with each other closely and aggregate into spheres, which may prevent liposome/DNA complexes entering the neurospheres. Moreover, liposomes had relatively high toxicity to neural stem cells, thus impairing the transfection efficiency due to excessive cell death (Kim et al. 2002) .
Electroporation is a physical method to deliver foreign genes into the cells by forming pores in the cell membrane using pulsed electric field. It is generally believed that electroporation has no biological or chemical side effects, and can be applied to almost all types of cells, especially cells unamenable to liposome transfection, such as primary neurons and stem cells (Baum et al. 1994) . Previous study has shown that electroporation has higher transfection efficiency than liposome-mediated transfection for stem cells (Helledie et al. 2008) . Geoffroy et al. reported that the transfection efficiency of electroporation for mouse neural stem cells reached up to 30.2 ± 3.6 % (Geoffroy and Raineteau 2007). In the present study, we modified the electroporation buffer on the basis of previous studies (Aberg et al. 2001; Golzio et al. 1998) , and transfected stem cells dedifferentiated from Müller cells according to the optimal voltage and capacitance values for electro-transfection of neural stem cells previously reported (Cesnulevicius et al. 2006) . Our results showed that electroporation could effectively transfer exogenous genes into stem cells dedifferentiated from retinal Müller cells.
The directed induced differentiation of retinal stem cells is mainly regulated by the extracellular microenvironment factors and endogenous cytokines. Gene knockout and transgenic studies showed that transcription factor bHLH (basic helix-loop-helix) family plays an important role in regulating retinal cell differentiation (Cepko 1999) . The bHLH family of vertebrates includes proneural gene Ath family, Ash family, and proneural-antagonizing Id family and Hes family (Brown et al. 1998) . Ath5 is a member of the Ath family, and a homolog of the Drosophila atonal gene in the bHLH family. Atoh7 is a murine transcription factor orthologous to Ath5, and regulates the differentiation of murine retinal ganglion cells. Atoh7 begins to be specifically expressed in rat retinal stem cells from embryonic day 11, earlier than all other proneural genes. Moreover, the expression pattern of Atoh7 is consistent with the spatiotemporal pattern of retinal ganglion cell differentiation (Brown et al. 1998) . Atoh7 is a key regulatory factor essential for the formation of retinal ganglion cells in vertebrates (Yang et al. 2003) .
Although Atoh7 mutant mice can survive, they lack retinal ganglion cells and the optic nerve (Brown et al. 2001) . Knockout of Atoh7 in mouse embryonic stem cells blocks the differentiation of about 80 % retinal ganglion cells (Wang et al. 2001) . The number of retinal ganglion cells differentiated from stem cells significantly increased after ectopic expression of Atoh7 (Yao et al. 2007 ). These studies suggest that Atoh7 is a transcription factor essential for ganglion cell differentiation. Therefore, in the present study, we chose Atoh7 gene to transfect stem cells dedifferentiated from Müller cells in an attempt to examine whether Atoh7 can promote the differentiation into ganglion cells. The results revealed that the number of ganglion cells differentiated from stem cells transfected with empty vector exhibited no significant difference compared with untransfected stem cells, thus excluding the influence of PEGFP-N1 vector on ganglion cell differentiation. For stem cells transfected with Atoh7 expression vector, the number of the cells differentiated from neurospheres was less than that of untransfected stem cells due to the effect of electroporation and mechanical pipetting, but the proportion of ganglion cells was nearly three times as high as that of the latter. Therefore, we conclude that Atoh7 can promote the directed differentiation of stem cells dedifferentiated from Müller cells into ganglion cells.
Several limitations of this study should be pointed out. First, we only performed the experiments in vitro and further in vivo investigation are needed to evaluate whether ganglion cells we derived from Atoh7 transfected Müller cells could promote optic nerve regeneration. Second, it is known that virus infection has side effects and stem cells have the tendency of tumorigenesis. Thus we need to reduce these side effects in our future studies.
Taken together, our present study demonstrates that Atoh7 can promote the differentiation of stem cells dedifferentiated from Müller cells into ganglion cells. Nevertheless, further studies are needed to delineate whether other transcription factors are implicated in Atoh7-conferred regulation of the directed differentiation of retinal Müller cells into retinal ganglion cells and what signaling pathway is involved. Our present study lays a foundation for further investigation into the regeneration of ganglion cells and may provide a more effective way for gene therapy of glaucoma.
